In an effort to elucidate the molecular mechanisms of fatty acid desaturation in yeast, a complete gene encoding Á12 fatty acid desaturase of Saccharomyces kluyveri was cloned. The open reading frame of this gene (named Sk-FAD2) consists of 1,251 bp, encoding 416 amino acids. The deduced Sk-FAD2 protein had 37-55% identity with those from other filamentous fungi. Unlike the genes of these other fungi, S. cerevisiae expressing Sk-FAD2 was found to be capable of synthesizing the dienoic fatty acid hexadecadienoic acid as well as linoleic acid. Moreover, the Sk-FAD2-disrupted strain of S. kluyveri was unable to produce polyunsaturated fatty acids. These results suggested that Sk-FAD2 protein is a unique Á12 fatty acid desaturase in S. kluyveri. Analysis of transcriptional expression revealed that Sk-FAD2 was not repressed by exogenous unsaturated fatty acids but responded to low-temperature stress.
Fatty acid desaturation in eukaryotic cells, as done by fatty acid desaturases, begins with introduction of a double bond at the Á9 position of the saturated fatty acids (SFAs) palmitic acid (C16:0) and stearic acid (C18:0). Subsequently, the Á9-unsaturated fatty acid (UFA) oleic acid (C18:1) is converted to linoleic acid (C18:2) by the introduction of a second double bond at the Á12 position. In some organisms, a third double bond is introduced at the Á6 or Á15 position of C18:2, which generates -linolenic acid (-C18:3) or -linolenic acid (-C18:3), respectively. Thus, at least three fatty acid desaturases are required to produce C18:3 in eukaryotes.
In fungi, Á9 fatty acid desaturase converts C16:0-CoA and C18:0-CoA esters to C16:1-CoA and C18:1-CoA esters, respectively.
1) The gene encoding this enzyme, termed OLE1, was first cloned from the budding yeast S. cerevisiae 1, 2) and was also isolated from several other species of fungus. [3] [4] [5] [6] [7] [8] [9] [10] These genes have been extensively studied and it was found that addition of UFAs to the growth medium suppressed the expression of OLE1 gene in some yeasts, but not in others. 5, 11) Furthermore, in S. cerevisiae, low-temperature stress was found to affect expression of OLE1 gene. 12) On the other hand, the Á6, Á12, and Á15 fatty acid desaturase genes of fungi have not been as extensively studied as the OLE1 genes. Recently, from three filamentous fungi, Aspergillus, Mortierella, and Mucor species, Á12 desaturase genes were isolated and their functions analyzed. [13] [14] [15] However, genetic and biochemical studies of synthesis of poly-UFAs (PUFAs), such as C18:2 and C18:3, in yeast have not been conducted because S. cerevisiae, the most useful yeast in basic research, is not capable of producing these UFAs. Nevertheless, many yeasts, such as Candida, Pichia, and Rhodotorula species, are able to synthesize PUFAs. 16) More recently, genome analyses of several yeast species have been done and partial open reading frames (ORFs) having homology with the plant Á12 desaturase gene have been identified in a few species. 17) However, the complete ORFs were not determined and the function and regulatory mechanisms of these genes is not known in detail.
S. kluyveri, one of the PUFA-producing yeasts, is located between the Saccharomyces and Kluyveromyces lineages in the phylogenetic tree according to the Genolevures program. 17) A transformation system for genetic studies of this yeast has been established. 18) Therefore, in an effort to understand the molecular mechanisms of Á12 fatty acid desaturation in the yeast kingdom, we attempted to clone the Á12 fatty acid desaturase gene from S. kluyveri. In this paper, the cloning and functional characterization of the S. kluyveri Á12 desaturase gene (Sk-FAD2) and its protein are discussed. Moreover, characterization of an S. kluyveri fad2 mutant and analysis of transcriptional regulation of the Sk-FAD2 gene were done. During the preparation of this paper, a rough genome sequence of S. kluyveri was reported independently. 19) y To whom correspondence should be addressed. Tel: +81-459-245-715; Fax: +81-459-245-773; E-mail: skajiwar@bio.titech.ac.jp Abbreviations: SFAs, saturated fatty acids; UFAs, unsaturated fatty acids; C14:0, myristic acid; C16:0, palmitic acid; C16:1, palmitoleic acid; C16:2, hexadecadienoic acid; C18:0, stearic acid; C18:1, oleic acid; C18:2, linoleic acid; C18:3, linolenic acid
Materials and Methods
Strains, plasmids, and media. Escherichia coli strain DH5 and plasmid pBluescript II SK (+) (Stratagene, USA) were used as host and vector for construction of the DNA library and manipulation of plasmid DNA, respectively. Yeast strains used in this study are listed in Table 1 . A pUC19-derived plasmid, pUC19ÁHindIII, which contained no HindIII site, and pJJ242, 20) which contained the S. cerevisiae URA3 gene, were used for gene disruption in S. kluyveri. The gene expression vector for S. cerevisiae pYES2 was purchased from Invitrogen (USA). Yeast cells were grown in YPD medium (1% bacto yeast extract, 2% bacto peptone, 2% dextrose) or complete minimal (CM) medium 21) without uracil. For induction of gene expression in S. cerevisiae, yeast cells were cultivated in CM (raffinose) medium without uracil 21) and then 1/100 vol of 20% galactose solution was added. SD medium (2% dextrose, 0.67% yeast nitrogen base without amino acids) and 5-FOA agar plate (2% agar, 2% dextrose, 0.1% 5-fluoro-orotic acid (5-FOA), 0.005% uracil, 0.67% yeast nitrogen base without amino acids) were used for the isolation of the S. kluyveri ura3 mutant.
Isolation of homologous gene from S. kluyveri. DNA manipulation of E. coli and Yeast followed standard procedures. [22] [23] [24] Two degenerate primers encoding an amino acid sequence with homology to conserved regions, HECGHQAFS and ITYLQHT(D/H)XXLPHY, in the Á12 desaturases from several other organisms were synthesized as follows: P1 (5 0 -CACGAGTGYGG-YCAYCAGGCITTYTC-3 0 ) and P2 (5 0 -GTARTGIGGC-AGIIIIIIATSIGTGTGYTGCARGTAIGTGAT-3 0 ). Both primers were used to amplify a DNA fragment from S. kluyveri IFO1893 genomic DNA by PCR. PCR conditions were 95 C for 5 min, 35 cycles of 95 C for 1 min, 42 C for 1 min, 72 C for 1 min, and a final extension at 72 C for 10 min. The amplified fragment was ligated into pBluescript II SK (+) and then used to transform E. coli DH5. Genomic DNA isolated from S. kluyveri was digested by XbaI and then sizefractionated on a 1% agarose gel. The XbaI-digested DNA fragments from 2.5 kb to 4.0 kb were inserted into an XbaI site of pBluescript II SK (+) to construct the genomic DNA library of S. kluyveri.
Construction of plasmid for gene expression. DNA fragments of the Sk-FAD2 ORF were amplified by PCR using the following primers: P3 (5 0 -CCGGATCCATGT-CTGCAGTTACAGTCACAGGG-3 0 ) and P4 (5 0 -CCGG-ATCCTCATTTCTCAGCGGCGCCAACACC-3 0 ). The PCR-amplified DNA fragment of Sk-FAD2 ORF (1.3 kb) was digested by BamHI and then ligated into a BamHI site on the yeast vector pYES2. The obtained plasmid was named pYSk-FAD2.
Isolation of S. kluyveri auxotroph. Yeast cells cultured for 14 h were collected and mutagenized with 3% ethyl methane sulfonate (EMS) for 15 min at 30 C. After this period, cells were treated with 5% sodium thiosulfate and washed with distilled water. Portions of the cell solution were spread on 5-FOA agar plates. Colonies were cultivated in SD and SD containing 20 mg/l of uracil in order to establish a requirement for uracil. To confirm the ura3 mutation of the obtained strains, plasmid pYES2 containing S. cerevisiae URA3 was introduced into these strains and the transformants were plated on SD agar medium without uracil.
Gene disruption of S. kluyveri. The strategy to construct the fad2 mutant of S. kluyveri is indicated in Fig. 1 . A 0.8-kb EcoRI-SphI DNA fragment was isolated from the 3.2-kb XbaI DNA fragment containing the Sk-FAD2 gene and inserted between EcoRI and SphI sites on the plasmid pUC19ÁHindIII. The plasmid obtained was digested by HincII, and then both ends of the largest DNA fragment containing parts of Sk-FAD2 DNA and pUC19 were ligated with HindIII linkers. This plasmid was named pUC-ÁFAD2. The 1.1-kb HindIII URA3 DNA fragment was isolated from plasmid pJJ242 and this URA3 fragment was inserted into the HindIII site of pUC-ÁFAD2. The 1.5-kb DNA fragment in the plasmid obtained (named pfad-URA3) was introduced into the S. kluyveri ura3 mutant. Disruption of the Sk-FAD2 gene was confirmed by Southern blot analysis using Sk-FAD2 as a probe. The fad2-disruptant obtained was named YKC166.
Hybridization and DNA sequencing. Colony hybridization was done in a solution containing 5x SSC/6x Denhardt's solution/0.1 mg heat-denatured herring sperm DNA per ml at 65 C according to the methods of Sambrook et al. 22) Southern blot analysis was done under the same conditions as the above colony hybridization. Isolation of yeast RNA and Northern blot analysis were done using a method described previously. 25) For DNA sequencing, plasmids containing a nested series of deletions of the 3.6-kb genomic DNA fragment were constructed using the Kilo-Sequence Deletion Kit (Takara, Japan) according to the supplier's instructions. Both strands of the 3.6-kb fragment were sequenced using a Thermo Sequenase cycle sequencing kit (Amersham Bioscience, USA) on a LI-COR DNA sequencer (Aloka, USA).
Fatty acid analysis. Total lipids were extracted from logarithmically growing cells (OD600 = 1.0 to 1.5) and were then methylated using 1% sulfuric acid in methanol at 90 C for 2 h. 26) The fatty acid methyl esters were analyzed by gas-liquid chromatography (GLC: GC-18A, Shimadzu, Japan) and gas chromatographymass spectrometry (GC-MS: QP5000, Shimadzu, Japan). A fatty acid methyl ester mixture for the lipid standards was purchased from Sigma (USA).
Results and Discussion
Cloning and sequencing of the Sk-FAD2 gene Using the degenerate primers P1 and P2, which anneal to sequences in two conserved amino acid sequences of Á12 fatty acid desaturases from filamentous fungi and plants, a 0.6-kb DNA fragment of S. kluyveri was amplified from the total DNA of this fungus. After the sequencing of this 0.6-kb DNA fragment, it was found that the amino acid sequence encoded by this fragment showed high similarity to sequences in Á12 fatty acid desaturases from filamentous fungi (data not shown). Total DNA isolated from S. kluyveri IFO1893 was then digested with XbaI and analyzed by Southern hybridization using a 32 P-labeled probe for the 0.6-kb DNA fragment. Only one signal, with a size estimated at 3.2 kb, was detected in the digest (data not shown). A 2.5-to 4.0-kb XbaI-digested DNA library of S. kluyveri was constructed and approximately 7500 DNA clones were screened using the PCRamplified 0.6-kb DNA fragment. Two positive clones that contained identical 3.2-kb XbaI DNA fragments were identified (data not shown). For one plasmid clone, this DNA fragment was sequenced and analyzed using the BLAST algorithm, which revealed the presence of one partial and one complete open reading frame (ORF) (DDBJ accession number AB115968). The partial ORF was homologous with the STP1 gene (YDR463W) of S. cerevisiae and the complete ORF was homologous with other Á12 fatty acid desaturase genes. The ORF of the Á12 desaturase gene homolog of S. kluyveri consists of 1251 bp, encoding a putative protein of 416 amino acids (Fig. 2) . Comparison of the deduced amino acid sequence of this homolog with those of Á12 fatty acid desaturase from A. nidulans, 13) M. alpina, 14) and M. rouxii 15) revealed identities of 54.5%, 40.0%, and 37.2%, respectively (Fig. 2) , confirming that the cloned gene encodes a S. kluyveri FAD2 protein (Sk-FAD2). In addition, three histidine cluster motifs, which are conserved among several Á12 fatty acid desaturases and are considered essential for desaturase activity as potential ligands for iron atoms, are highly conserved in the Sk-FAD2 protein.
27)
Expression of Sk-FAD2 gene in S. cerevisiae and functional characterization of the Sk-FAD2 protein
In order to investigate the function of the Sk-FAD2 protein, the plasmid pYSk-FAD2 carrying the DNA fragment of Sk-FAD2 ORF, S. cerevisiae GAL1 promoter, and S. cerevisiae CYC1 terminator was constructed as described in Materials and Methods. Because the DNA fragment of Sk-FAD2 ORF was inserted downstream of the GAL1 promoter, Sk-FAD2 expression could be induced by addition of galactose. The plasmid pYSk-FAD2 was introduced into the S. cerevisiae strain IFO10150. The IFO10150 transformant obtained was cultured in CM (Raffinose) medium plus 0.2% galactose because this strain is unable to grow in medium containing 2% galactose. The Sk-FAD2 transformant was grown at 30 C for 4 generations, and then total lipids were extracted and subjected to GLC analysis (Fig. 3) . Total lipids from IFO10150 harboring pYES2 Protocol of plasmid construction is described in Materials and Methods. S. kluyveri FAD2 and S. cerevisiae URA3 genes are shown as Sk-FAD2 and Sc-URA3, respectively. E, EcoRI, H, HincII, Hd, HindIII, S, SphI.
was also subjected to GLC analysis as a control. Two unique major peaks were observed in the Sk-FAD2 transformant and GC-MS analysis confirmed these compounds to be C16:2 and C18:2 (data not shown). These data demonstrated that Sk-FAD2 gene codes a Á12 fatty acid desaturase and that Sk-FAD2 protein is able to function in S. cerevisiae. Moreover, previous reports of other filamentous fungi showed that Á12 fatty acid desaturases of these fungi were only able to convert from C18:1 to C18:2 [13] [14] [15] whereas the Á12 desaturases of nematode Caenorhabditis elegans and plant Arabidopsis thaliana are able to convert C16:1 and C18:1 to C16:2 and C18:2. 21, 28) Comparison with the amino acid sequence of Á12 fatty acid desaturases from these animal and plant showed that the sequence of Sk-FAD2 protein has identities of 27.3% and 39.8%, respectively, 28, 29) then these values were lower than those of Á12 desaturases from A. nidulans and M. alpina at least. However, in this work, Sk-FAD2 protein appears to share functional similarity with those of animals and plants rather than that of filamentous fungi.
Disruption of Sk-FAD2 gene in S. kluyveri and characterization of Sk-fad2 mutant
To investigate whether Sk-FAD2 is a unique Á12 fatty acid desaturase gene in S. kluyveri and whether the fad2 mutant can grow in medium without UFAs, we attempted to isolate a fad2 disruptant of S. kluyveri. The construction strategy of S. kluyveri fad2 mutant is shown in Fig. 1 . The S. kluyveri strain YKC165, an ura3 Fig. 2 . Deduced Amino Acid Sequence of Sk-FAD2 Gene and Alignment with Amino Acid Sequences Deduced for Other Fungal FAD2 Genes, An-FAD2, 13) Ma-FAD2, 14) and Mr-FAD2.
15)
Sequences were aligned using the FASTA algorithm. Amino acid identities are shaded black. The positions of amino acid residues relative to the start codon are given on the right-side. Underlines indicate the histidine cluster motifs. mutant, was isolated as described in Materials and Methods. This strain is unable to grow in medium without uracil and introduction of the S. cerevisiae URA3 gene restores the ura3 mutation of YKC165 strain (Fig. 4) . After this, YKC165 was transformed with the 1.5-kb DNA fragment isolated from the plasmid pfad-URA3 and spread on the SD medium. The transformants obtained, YKC166, were disrupted on the FAD2 locus and growth rates in YPD medium were identical to that of YKC165 strain (data not shown). This confirmed that S. kluyveri YKC166 was capable of growth without UFAs and suggested that Sk-FAD2 is not necessary for vegetative growth of S. kluyveri. Next, based on fatty acid analysis of YKC166, it was found that this strain is not able to produce C16:2, C18:2, and C18:3 (Fig. 5) . These results suggested that Sk-FAD2 is only a Á12 desaturase gene in S. kluyveri and PUFAs such as C16:2, C18:2, and C18:3 are not essential for vagetative growth of S. kluyveri. However, in other fungal species, C18:2 was reported to have sporogenic effects previously. [30] [31] [32] Thus, further work is needed to clarify the relationship between the synthesis of PUFAs and the morphology of S. kluyveri, especially with regard to spore formation.
Transcription of the Sk-FAD2 gene in S. kluyveri Because transcriptional expression of fatty acid desaturase genes of several fungi are known to be induced by low-temperature stress, 12, [33] [34] [35] we investigated whether transcription of Sk-FAD2 is regulated by low temperatures. After culture at 30 C, S. kluyveri IFO1893 was transferred to 10 C and then total RNA was isolated from these cells cultured at 10 C for 0, 1, 2, 4, 6, or 8 h. Northern blot analysis was done using the Sk-FAD2 gene as a probe. The levels of Sk-FAD2 mRNA increased for 2 h after temperature downshift and then decreased (Fig. 6A) , demonstrating that Sk-FAD2 transcription was initially activated by low temperatures and was then suppressed. This phenomenon was very similar to the response of the S. cerevisiae OLE1 gene to low temperatures, 12) suggesting that Sk-FAD2 gene is a low-temperature inducible gene in S. kluyveri.
In S. cerevisiae, Pichia angusta and Yarrowia lipolytica, addition of UFA was shown to cause a reduction in mRNA levels of the Á9 fatty acid desaturase gene. 5, 11) We reported previously that in the case of S. kluyveri, levels of Sk-OLE1 transcripts were not reduced by UFAs. 8) In this work, the effects of UFAs on the levels of Sk-FAD2 mRNA in S. kluyveri were thus investigated (Fig. 6B) . Total RNA was isolated from S. kluyveri IFO1893 cultured in medium supplemented with C18:1, C18:2, or C18:3. Like as Sk-OLE1 gene, this result indicates that expression of Sk-FAD2 was not influenced by the presence of UFAs in the growth medium. Although no S. kluyveri gene encoding enzyme catalyzing the production of C18:3 has been cloned, it is believed that the fatty acid desaturase genes of this yeast do not respond to UFAs. Containing Uracil. Cells were directly spread onto a plate containing SD medium (SD) or SD medium containing 20 mg/l of uracil (SDura). 1, IFO1893 (wild type); 2, YKC165 (ura3 mutant); 3, YKC165 harboring pYES2; 4, YKC166 (fad2 disruptant, URA3). A: IFO1893 strain was cultured at 30 C in YPD medium to midlogarithmic phase (OD600 = 1.0) and was then cultured at 10 C. Total RNA was isolated from the cells at 0, 1, 2, 4, 6, or 8 h after the temperature shift and was probed using a 32 P-labeled Sk-FAD2 probe. B: Overnight culture of IFO1893 strain was inoculated (10% in volume) into SD medium and shaken at 30 C for 6 h. A 1 mM aliquot of each UFA (C18:1, C18:2, or -C18:3) was added to the media. Total cellular RNA isolated from these cultures was probed using a 32 P-labeled Sk-FAD2 probe. The 26S and 18S ribosomal RNAs were used as internal controls for S. kluyveri (A and B).
